The design and implementation of a high-efficiency two-stage power electronic controller for feeding power from a photovoltaic (PV) array to the load/utility grid is proposed. The PV array is connected to the load/utility grid through a boost converter and an inverter. The boost converter is controlled by sinusoidal pulse width modulation 
Introduction
Renewable energy sources such as solar, wind, and biomass are widely preferred for electrical power generation due to their limitless availability and ecofriendly nature. Among such renewable energy sources, solar energy is more attractive for a country like India, which has huge potential for solar power. The application of PV offers great appeal to satisfy electricity demand in stand-alone/grid-connected power systems. A power electronic controller is employed to interface the PV source and the isolated load/grid. The simplest form of a gridconnected PV system consists of a PV array and voltage source inverter (VSI) [1] [2] [3] [4] [5] [6] . The common constraint of such single-stage configurations is that the PV array voltage needs to always be higher than the peak value of the grid voltage. To overcome this limitation, an improved single-stage topology was proposed. This system would normally work with a single stage and switch to a step-up function whenever the input voltage drops below the required value. However, the inverter topology proposed has a larger number of switches, which makes the design and control complex [7, 8] . Obviously to have more flexibility, the need for two-stage conversion arises. Dastagiri et al. proposed a two-stage power conversion scheme operating with a buck converter and * Correspondence: ammas@nitt.edu This work is licensed under a Creative Commons Attribution 4.0 International License.
low-frequency VSI to transfer power from a fixed DC source to a stand-alone AC load [9] . To handle a variable DC input voltage/PV source, Rong et al. and Dipankar et al. proposed a two-stage power conversion system using a high step-up converter (DC-DC) and conventional VSI [10, 11] . However the output of the VSI is used for feeding only a stand-alone AC load. Subsequently, some authors proposed two stages of power conversion using a cascaded buck-boost converter and conventional VSI for feeding the utility grid [12, 13] . In order to reduce the number of switches in the DC-DC converter of the above schemes, some authors proposed another two-stage grid integration topology with high step-up DC-DC converter and VSI [14, 15] . Due to increased switching control complexity in the above scheme, [16] proposed a two-stage power conversion with a DC-DC converter and VSI using time sharing control. In the above scheme, only one switch at any instant operates at high frequency, which makes the circuit more efficient than earlier configurations. The DC-DC converter always operates in the boost mode and the VSI inverter operates in buck mode. However, in the above scheme, a fixed DC source is considered and the output of the inverter feeds the stand-alone load.
In the present work, one such two-stage power conversion scheme is attempted with a focus on the analysis and implementation of a grid interface for a PV array, which is a variable DC source. The novelty of the work is that a modified closed-loop SPWM strategy has been developed for the integration of variable DC output PV array with stand-alone load as well as utility grid. The complexities associated with grid synchronization and simultaneously tracking maximum power in such a time sharing control are addressed in our work. The first stage is a DC-DC boost converter, which is controlled in such a way that it generates a quasi-sinusoidal waveform at the output, which will be clamped at the level of the PV array output voltage. The peak of the quasi-sinusoidal waveform is always maintained constant at the peak of the utility grid voltage, with varying irradiation. The VSI in the second stage operates in buck mode to convert the clamped quasi-sinusoidal into a symmetrical sinusoidal waveform, removing the DC offset. Furthermore, the SPWM-based controller of the VSI ensures that the maximum PV power available is supplied to the utility grid at unity power factor (UPF).
Proposed system
The schematic of the proposed configuration is shown in Figure 1 , which consists of the PV array, boost converter, single phase H-bridge VSI, and a load/grid. The variable output of the PV array is fed as input to the boost converter. The boost converter is controlled by SPWM pulses so as to get a clamped quasi-sinusoidal wave as shown in Figure 1 . The duty ratio of the boost converter is automatically adjusted in such a way that the peak of the sine portion of the output waveform is maintained at the peak value of the grid voltage. Furthermore, the DC offset value is made to follow the PV array output voltage (V P V ) . The inverter converts this voltage at the DC bus into a symmetrical sinusoidal wave at the grid/load terminal by appropriately performing the switching operation. In the case of a grid-connected system, the inverter switching is carried out such that maximum power available in the PV array is fed to the grid at the UPF. In the proposed work, 6 PV panels of 80 W each are connected in series to achieve an array voltage ( V oc ) of 130.2 V and array current (I sc ) of 4.5 A.
The PV array in the present work is modeled using a single diode model [17] . The PV cell output current ( I P V ) and output voltage ( V P V ) are related by Eq. (1) as follows [17] :
Here, I P V is the PV photon current (A), I s is the diode reverse bias saturation current (A), q is the magnitude of charge (C), k is the Boltzmann constant (J/k), T is the cell temperature (K), and R s and R sh are the 
Boost converter
The proposed boost converter shown in Figure 2b uses an IGBT switch to pulse width modulate the variable DC voltage of the PV array into an inductor. The output voltage ( V dclink ) of the boost converter, which is a clamped quasi-sine wave as shown in Figure 1 , is given as
From Eq. (2), the duty ratio is:
Since the boost converter switching is based on sinusoidal pulse width modulation (SPWM), the duty ratio is not constant for particular PV voltages. Referring to Figure 2a , the values of V P V at 400 W /m 2 (minimum irradiation) and 1000 W /m 2 (maximum irradiation) are 96 V and 110 V, respectively. For a utility grid of 110 V, the range of duty ratio as per Eq. (3) would be as follows:
The value of the inductor is selected in such a way that the ripple current is 2 times more than the minimum load current [18] , as follows:
Design of the capacitor depends on the maximum allowable output voltage fluctuations [18] , as given by:
Here, ∆I dclink is the ripple in current, ∆V dclink is the ripple voltage, f s is the switching frequency (Hz), and
I dclink is the current at the DC link (A). Based on Eqs. (6) and ( Table 1 . Table 1 . Values of parameters used in the boost converter.
Parameter Value
Inductor, L 2 mH
Working principle of the proposed scheme
The power circuit of the proposed scheme, which consists of a PV array, inductors L and L dclink , capacitor C, diodes D b1 and D b2 , and five IGBT switches ( S b , S 1 , S 2 , S 3 , S 4 ) along with a filter circuit, is shown in Figure 3a . The boost converter is switched such that its output, which is the DC link voltage, is a clamped quasi-sinusoidal waveform. The buck operation is carried out by the inverter at required instants to shape the DC link voltage into a symmetrical sinusoidal voltage at the load terminal. 
Time sharing operation of the proposed scheme
The time sharing operation of the proposed scheme is explained using the waveforms at the output of boost converter ( V dclink ) and VSI ( V L ) as shown in Figure 3b .
From t 0 to t 1 and t 2 to t 3 : During this period, the output voltage ( V L ) required is less than the input voltage ( V P V ). Hence, the H-bridge inverter is operated as a buck converter with S 1 operating at highfrequency switching modulation and S 2 being in continuous 'on' position. During this period S 3 , S 4 switches are off, diode D b1 is on, and D b2 is off as it is a reverse biased condition.
From t 1 to t 2 : During this period, the output voltage ( V L ) required is greater than the input voltage ( V P V ), so the DC-DC converter is operated in boost mode by switching Sb at high-frequency switching modulation with S 1 and S 2 switches in the 'on' position; diode D b1 is off as it is reverse biased, D b2 is on, and S 3 , S 4 are in the 'off' position. The positive half cycle of the output is obtained.
From t 3 to t 4 and t 5 to t 6 : During this period, the output voltage ( V L ) has to be less than the input voltage ( V P V ). Hence, the H-bridge inverter is operated as a buck converter. S 3 is operating at high-frequency switching modulation with S 4 in 'on' position. S b , S 1 , S 2 switches are off, diode D b1 is on, and D b2 is off.
From t 4 to t 5 : During this period, the output voltage ( V L ) has to be greater than input voltage ( V P V ).
Hence, to operate the converter in boost mode S b is switching at high frequency with S 3 and S 4 switches on.
D b1 is off as it is reverse biased, D b2 is on, and S 1 , S 2 are open. The negative half cycle of the output is obtained. The diode D b1 will act as a bypass diode when V P V is greater than the instantaneous value of V . During this time, the proposed configuration will operate as single-stage PV grid-connected system, resulting in reduced power losses.
The switching sequence of the devices for the above time sharing operation is given in Table 2 . It can be noted that only one switch in a full cycle will be operating at high frequency. On the other hand, in conventional two-stage topology, the switch in the boost converter will work with the high-frequency PWM switching and the switches in the H-bridge inverter will work with high-frequency SPWM switching. Hence, the proposed Table 2 . Switching sequence for time sharing operation of the proposed scheme.
Time period Requirement Switching status
Output of VSI t 0 to t 1 and
Positive half cycle
Negative half cycle
time sharing switching scheme will result in reduced converter switching and conduction losses. As the inverter generates a proper sine wave at the output, the rating of the filter required is less compared to the conventional two-stage topology. Figure 4a shows the switching technique for the SPWM-based boost converter to generate a clamped quasisinusoidal waveform at the output. Here the carrier signal is a triangular wave of frequency 20 kHz, which is multiplied by V P V . The output signal from the multiplier is added again with V P V and then compared with the rectified sinusoidal voltage ( V recti ) signal of 100 Hz, having a peak value of 155.56 V corresponding to the proposed utility grid voltage of 110 V. The pulses generated from the comparator are given to the boost switch. The converter performs a quasi-sinusoidal boost operation ( V P V to V ref (peak) ) at the DC link. For an isolated system, the reference sine wave is generated internally as per the required load voltage and for a grid-connected system the voltage at the grid terminal is sensed and given as input to the rectification block.
SPWM-based duty ratio controller
The switching pulses obtained using this control technique for the boost converter employing the dSPACE controller are shown in Figure 4b . When the irradiation is low, the output voltage at the PV array ( V P V ) will be reduced. Correspondingly, the amplitude of the carrier wave is reduced, which increases the high-frequency operating period ( t 1 to t 2 and t 4 to t 5 ) of the boost converter. On the other hand, when the irradiation is high, the high-frequency operating period of the boost converter will be reduced.
SPWM-based VSI controller

Stand-alone load
The H-bridge inverter consists of four IGBT switches, S 1 to S 4 . The upper switches in both legs S 1 and S 3 are controlled by SPWM pulses. Here the carrier signal is a triangular wave of frequency 20 kHz multiplied by V P V , compared against the reference modulating signal, which is a quasi-sinusoidal voltage of frequency 100 Hz with peak magnitude of 155.56 V. The switches in lower legs S 2 and S 4 of the H-bridge inverter are controlled by continuous 50 Hz square pulses of duty ratio 50% as shown in Figure 5a . The experimentally generated switching pulses for the inverter from the dSPACE controller are shown in Figure 5b .
When the irradiation is low, the output voltage at the PV array ( V P V ) will be reduced. Correspondingly, the amplitude of the carrier wave is reduced, which increases the high-frequency operating period ( t 1 to t 2 and t 4 to t 5 ) of the boost converter. The high-frequency operating period ( t 0 to t 1 , t 2 to t 4 , and t 5 to t 6 ) of the inverter will be reduced accordingly. On the other hand, when the irradiation is high, the operating period of the boost converter will be reduced and the high-frequency operating period of the inverter will be increased. It is to be noted that the modulating signal, PV voltage, and carrier wave for the VSI controller are the same as those of the duty ratio controller. For the sake of clarity, the control scheme of the VSI is shown separately in Figure 5a. 
Grid-connected system
In the grid-connected system, IGBT switches S 1 to S 4 of the inverter are being controlled by SPWM pulses to pump the maximum power to the grid. For achieving MPPT control and grid synchronization, the voltage at the grid terminal is sensed and given to the phase-locked loop (PLL) block as shown in Figure 6 , which produces a saw-tooth waveform of grid frequency. This output of the PLL is given to a sine block to generate a sine wave of unity magnitude at grid frequency. The MPP current ( I M P P ) from the MPPT controller is multiplied by the unity magnitude sine wave to generate the sine current reference ( I grid(ref ) ) for the inverter switching.
The I grid(ref ) is compared with the actual grid current ( I grid ) and the error signal is given to the PI controller to produce the error-corrected signal. The output of the PI controller is compared against a triangular carrier wave of 20 kHz and the generated SPWM pulses are given to the inverter switches, as shown in Figure 6 . The VSI will operate in high frequency from the time range t 0 to t 6 , in order to incorporate grid synchronization along with MPPT at the inverter. This control technique ensures that the available PV power is supplied to the utility grid with UPF. 
MPPT controller
The MPPT block tracks the maximum power of the PV array using a simple perturb & observe (P&O) method by sensing the voltage ( V P V ) and current ( I P V ) of the PV array. The power output ( P P V ) of the PV array is calculated from the measured values of V P V and I P V . The maximum power point current at the k th instant is:
The output of the MPPT controller ( I M P P ) is given to the VSI controller for appropriate switching of the inverter to pump maximum power to the grid. The power output of PV array is:
The power fed to the grid is:
Since power fed to the grid terminal is at UPF, ϕ = 0 • . Hence,
Assuming
For example, referring to Figure 2a , at an irradiation of 1000 W /m 2 , the maximum power output of the PV array is 456 W. To pump this maximum power to the grid, the IMPP from the MPPT controller is 5.86 A, as per Eq. (14) . The corresponding current at the grid terminal for the maximum power is 4.15 A.
Simulation and experimental results of the proposed system
To validate the effective operation of the proposed system, a simulation study has been carried out using the simpower systems toolbox in MATLAB software for both stand-alone and grid-connected cases. The PV array is modeled using a single diode equivalent circuit [16] . The power from the PV source is transported to the AC load/grid through a boost converter and VSI. Both the DC-DC converter and VSI are modeled using the components available in MATLAB/Simulink. The boost converter parameters given in Table 1 along with L f = 10mH and C f = 22µF are chosen for the simulation study. In order to suppress the inrush current of the capacitor at the DC link, a small value of L dclink (20 mH) is selected for both simulation and experimentation.
A resistive load of 110 W at the AC side is considered for the stand-alone system and a utility grid of 110 V and 50 Hz is considered for the grid-connected system.
For experimentation, six 80 W panels are connected in series, which have V oc of 21.7 V and I sc of 4.5 A each under standard test conditions. An IGBT (CT60AM -600 V, 40 A)-based conventional boost converter with bypass diode and a single phase H-bridge (SKM150IGB12T4 -1200 V, 150 A) VSI are used. Two control techniques are employed in the proposed system: one for the boost converter to produce a clamped quasi-sine wave at the DC link and another for the inverter to make the clamped quasi-sine wave input into symmetrical sine wave output, both switching techniques being implemented using the dSPACE DS1103 controller. The dSPACE controller is a hardware interface that can generate DSP codes for MATLAB models. It consists of analog to digital (ADC) and digital to analog (DAC) converters and an RS232 serial interface. It downloads the codes to the controller board for executing the program in real time. Hence, this controller helps in generating required gate pulses for the power electronic converters based on the external inputs from the sensors.
Voltages ( V P V and V grid ) and currents ( I P V and I grid ) are sensed through external voltage (LV25-P) and current transducers (LA55-P), respectively, and the outputs of the sensors are fed to the ADC with appropriate scaling factor. The pulses for the control of the boost converter and VSI are produced as explained in Section 3.2 and Section 3.3. The gate pulses obtained would be available at the DAC output. The gate pulse for the boost converter is passed through a high frequency opto-coupler (HCPL) circuit, which produces isolation as well as signal conditioning before being fed to the IGBT. The gate pulses for VSI are passed through ULN2003 op-amp circuits for signal conditioning and then to gate drivers to operate the IGBT switches in the inverter. The experiment was conducted for different irradiations to analyze the performance of the proposed scheme for both isolated and grid-connected cases.
Results with stand-alone load
The steady-state response of the stand-alone system for irradiation of 1000 W /m 2 is shown in Figure 7 . At the irradiation of 1000 W /m 2 , the voltage produced at the PV array output terminal is 110 V, and to satisfy the AC load, the average value of DC current drawn from the PV array, which is also flowing through the boost inductor, is 1.19 A. These waveforms are shown in Figure 7a . Figure 
Results with utility grid
For the grid-connected system, at an irradiation of 1000 W /m 2 , the maximum power at the PV array is 456 W, as shown in Figure 2a . The maximum voltage and current at the PV array are 110 V and 4.15 A, respectively. Figure 8a shows the clamped quasi-sine wave at the DC link, which has a peak voltage of 155.56 V and an average current of 3.8 A. To pump this maximum power to the grid, the MPPT controller generates I M P P of Figure 8c shows the total harmonic distortion (THD) of the grid current, which is well within the IEEE 519 standards [19] . The proposed switching strategy is also tested for dynamic change in irradiation. With the change in irradiation from 1000 W /m 2 to 600 W /m 2 , the PV voltage correspondingly changes from 110 V to 102 V as shown in Figure 9a . The switching strategy of the boost converter is such that the peak of DC link voltage remains at the V grid(peak) , which is 155.56 V as shown in Figure 9b . Hence, to feed this maximum power to the grid, the MPP current ( I M P P ) changes from 5.1 A to 3 A, the grid current changes from 3.612 A to 2.15 A, and the power changes from 397.32 W to 236.84 W at the grid terminal, as shown in Figure 9c . The photograph of the experimental setup of the proposed system is shown in Figure 10 . 
Conclusion
An efficient control scheme has been implemented for a PV system with an integrated two-stage power converter (boost converter and VSI) for feeding power to the load/grid. The SPWM switching employed for the boost converter generates a clamped quasi-sinusoidal waveform at the DC link, which is converted to a pure sine wave by the VSI with a smaller filter. This output of the inverter is synchronized with the utility grid of 110 V and 50 Hz, using a PLL circuit. The inverter switching is controlled in such a way that the maximum power available at the PV array output is fed to the grid at unity power factor. For this, a grid current reference is generated by sensing the grid voltage. The efficiencies of the boost converter and VSI are 96% and 91%, respectively, yielding an overall efficiency of 87%. Furthermore, it is optimistically envisaged that more reduction in losses will occur if the IGBT switches are operated at their specified rating, while in the present case they have been utilized far below their maximum rating. For comparison, the proposed topology was tested with conventional switching operation and it was observed that the overall efficiency was about 10% less than that of the time sharing operation. The simplicity of the controller has also been demonstrated with a stand-alone load as well, for which the reference sine wave is generated internally as per the required load voltage. The SPWM control logic for both the boost converter and for the inverter is implemented using a dSPACE DS1103 controller. The experimental results of the proposed system at various stages are presented and are compared with the simulation results for both steady-state and dynamic conditions. The test results demonstrate that the proposed scheme can be effectively employed in small-scale solar PV systems feeding microgrids.
